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Impaired Cellular Immune Responses During the First
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Background. Cellular immune responses are not well characterized during the initial days of acute symptomatic influenza
infection.

Methods. We developed a prospective cohort of human subjects with confirmed influenza illness of varying severity who
presented within a week after symptom onset. We characterized lymphocyte and monocyte populations as well as antigen-
specific CD8" T-cell and B-cell responses from peripheral blood mononuclear cells using flow cytometry and enzyme-linked
immunospot assays.

Results. We recruited 68 influenza-infected individuals on average 3.5 days after the onset of symptoms. Three patients re-
quired mechanical ventilation. Influenza-specific CD8" T-cell responses expanded before the appearance of plasmablast B cells.
However, the influenza-specific CD8" T-cell response was lower in infected subjects than responses seen in uninfected control
subjects. Circulating populations of inflammatory monocytes were increased in most subjects compared with healthy controls.
Inflammatory monocytes were significantly reduced in the 3 subjects requiring mechanical ventilation. Inflammatory monocytes
were also reduced in a separate validation cohort of mechanically ventilated patients.

Conclusions. Antigen-specific CD8" T cells respond early during acute influenza infection at magnitudes that are lower than re-
sponses seen in uninfected individuals. Circulating inflammatory monocytes increase during acute illness and low absolute numbers

are associated with very severe disease.
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Influenza is a major human respiratory pathogen and leads
to approximately half a million deaths worldwide each year
[1]. Between 15% and 35% of the world population is in-
fected with seasonal circulating influenza viruses each year
[2]. The majority of these naturally acquired influenza infec-
tions are asymptomatic. Only 2%-10% of individuals with
influenza infection will have symptoms that motivate them
to seek medical care [2]. Understanding the limitations of
the influenza-specific immune response that contribute to
such severe disease in this group of individuals may help to
illuminate avenues for the development of novel therapeutics
and vaccines.
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Robust influenza-specific CD8" T-cell responses after the
establishment of acute infection are important in preventing
influenza-associated disease and death in animal models,
especially in animals without preexisting anti-influenza
antibodies [3-5]. High-magnitude influenza-specific CD8"
T-cell responses have been associated with decreased viral
shedding in volunteers experimentally infected with influ-
enza A virus [6]. The development of an early and high-
magnitude influenza-specific CD8" T-cell response is critical
for protection against fatal disease in humans who have been
infected with the avian H7N9 virus [7]. These studies sug-
gest that human influenza-specific CD8" T-cell responses
play a role in diminishing the severity of illness after infec-
tion with influenza virus.

The role of influenza-specific CD8" T-cell responses
during the first several days of naturally acquired seasonal
influenza infection, presumably when these cells would be
exerting their protective effects, has not been well studied.
Evaluation of the human influenza experimental challenge
model suggests that high-magnitude influenza-specific
CD8" T-cell responses within the first week of infection
are protective [8]; however, this model system is limited to
the evaluation of low-severity and asymptomatic influenza
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cases. Most studies evaluating CD8" T-cell responses during
symptomatic, naturally acquired influenza A infection use
samples with average collection a week or more after the
start of symptoms [9, 10]. Studies that have been performed
with samples from earlier time points have been extremely
limited in sample size [11].

Monocytes possess and exert critical antiviral activity.
Inflammatory monocytes seem to mediate lung injury in an-
imal models of severe influenza [12]. Variations in human
monocyte populations have been associated with influenza
severity [10, 13]. Individuals with more severe naturally ac-
quired influenza illness than a comparison group had increased
circulating peripheral blood CD14""CD16" “inflammatory”
and CD14°CD16" “patrolling” monocytes approximately
25 days after the start of symptoms [10]. Increased patrolling
CD14°CD16" monocytes in the nasal mucosa of individuals
with less severe illness in a separate study were associated with a
signature of anti-inflammatory effect on local cytokine expres-
sion [13].

We evaluated circulating monocyte and lymphocyte
populations as well as influenza-specific B-cell and CD8"
T-cell populations in human subjects who presented to the
emergency department of a large US hospital for medical
care during the 2017-2018 (H3N2 virus predominant) and
2018-2019 (HINI virus predominant) influenza seasons.
We find that the majority of patients with acute sympto-
matic influenza infection demonstrate very low magnitude
influenza A peptide-responsive CD8" T-cell populations but
that these antigen-responsive CD8" T cells expand very early
during acute infection before the expansion of circulating
antigen-specific B-cell populations. Finally, we show that
CD14""CD16" inflammatory monocytes are prominently
elevated in peripheral blood during the first days of acute
symptomatic infection, except in individuals with respira-
tory failure necessitating mechanical ventilation.

METHODS

EDFLU Study Design

The EDFLU study was approved by the Washington
University in St Louis Institutional Review Board (approval
nos. 201710220 and 201808115). EDFLU complied with the
ethical standards of the Helsinki Declaration. We approached
patients with influenza A diagnosed in the emergency
department with a clinical influenza real-time reverse-
transcription polymerase chain reaction test (Cepheid Xpert
Flu/RSV) performed during the normal course of workup
and evaluation. We obtained written informed consent
from each subject or from a legally authorized representa-
tive. EDFLU study inclusion criteria required that subjects
actively experience influenzalike illness (ILI) symptoms at
some point in the 24 hours before enrollment.

We excluded potential participants if they were <18 years
old, if they had not experienced ILI symptoms in the last 24
hours, or if we were unable to obtain written informed con-
sent from the subject or their legally authorized representative.
Peripheral blood samples were obtained from enrolled subjects
into ethylenediaminetetraacetic acid-anticoagulated tubes
(BD Biosciences) and prepared within 8 hours of phlebotomy
into peripheral blood mononuclear cells (PBMCs) using Ficoll
density gradient purification. Nasal swab samples were also
obtained at enrollment for viral analysis.

We classified illness severity in our influenza-infected co-
hort based on measured peripheral blood oxygen saturation
using pulse oximetry. This classification strategy has been used
by others [14]. We classified as having “severe” illness any sub-
ject who presented with measured oxygen saturation <93% on
room air, or who required supplemental oxygen. The category
of “very severe” illness encompassed subjects who required
tracheal intubation and mechanical ventilation owing to hy-
poxic respiratory failure. We established a “not severe” illness
group to control for significant variation in clinical attributes
of study subjects who did not meet criteria for severe or very
severe illness. The subjects in the “not severe” group met all of
the following criteria: (1) oxygen saturation >98% on room air,
2) age <65 years, (3) a chest radiograph obtained during normal
clinical care and read by the attending radiologist as clear, (4)
a medical history that did not include any of the Advisory
Committee on Immunization Practices-specified risk factors
for severe influenza illness [15], and (5) discharge from the hos-
pital after a stay of <48 hours from the time of presentation to
the hospital.

We enrolled control subjects without influenza infection
in 2 additional ongoing studies. Control subjects had not ex-
perienced ILI symptoms at the time of sample collection or
within the previous 90 days. These studies were independently
approved by the Washington University Institutional Review
Board (approval nos. 201707160 and 201808171). Control
subjects received the inactivated seasonal influenza vac-
cine intramuscularly between 60 and 180 days before sample
collection.

We analyzed a separate validation cohort of PBMC sam-
ples obtained from subjects hospitalized with severe pandemic
2009 HINT at the National Institute of Respiratory Diseases in
Mexico City, Mexico. This study was approved by the National
Institute of Respiratory Diseases Institutional Review Board in
May of 2009 (approval no. B08-09).

Multiparameter Flow Cytometry

The PBMCs were analyzed using a panel of antibodies dir-
ected against the following antigens: CD45 fluorescein iso-
thiocyanate (clone HI30), CD3 Alexa 700 (clone UCHT1),
CD#4 allophycocyanin-cyanine 7 (clone OKT4), CD8 BV421
(clone RPA-T8), CD38 phycoerythrin-cyanine 7 (clone
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HIT2), HLA-DR BV605 (clone 1L243), CD19 BV750 (clone
HIB19), CD20 Pacific Blue (clone 2H7), CD14 APC (clone
M5E2), CD16 BV570 (clone 3G8), CD71 phycoerythrin (clone
CY1G4), and immunoglobulin (Ig) D SuperBright 702 (clone
IA6-2). PBMCs (1-2 x 10°) were stained with a master-mix
containing appropriate pretitrated concentrations of the anti-
bodies along with BD Brilliant Buffer (BD Biosciences) and
Zombie NIR Fixable Viability Marker (BioLegend) to differen-
tiate live and dead cells. Samples were run on a Cytek Aurora
spectral flow cytometer using SpectroFlo software, version
2.1.0 (Cytek) and unmixed before final analysis using FlowJo
software, version 10.6.2 (BD Biosciences).

Enzyme-Linked Immunospot Assay

We measured influenza A-specific CD8" T-cell populations
using Mabtech's interferon (IFN) y ELISpot™  horseradish per-
oxidase-precoated plates according to the manufacturers re-
commendations. We obtained an array of 91 individual 9-mer
peptides representing highly conserved Major histocompati-
bility complex class I epitopes from the influenza A matrix pro-
tein M1, polymerase protein PB1 and nucleoprotein (NP) from
BEI resources (NR-2667). This panel of CD8" T-cell epitopes
restricted by a diverse range of HLA alleles has been previ-
ously used to evaluate representative influenza-specific CD8"
T-cell populations in cohorts of human subjects with varied
HLA haplotypes [16]. We tested peptides at a final concentra-
tion of 5 umol/L with 300 000 PBMCs per well. We read plates
with an ImmunoSpot plate reader (Cellular Technology). Each
individual subject’s reported composite CD8" T-cell response
represents a summation of the total response to each of the 91
peptides.

To perform circulating B-cell plasmablast enzyme-linked
immunospot (ELISPOT) assays, we coated ELISPOT plates
with either the 2017-2018 Flublok vaccine (Protein Sciences)
during the 2017-2018 influenza season or the 2018-2019
Flucelvax vaccine (Seqirus) during the 2018-2019 influenza
season. Plates were developed with anti-human IgG and IgA
reagents and then counted on an ImmunoSpot plate reader to
provide the entire IgG- and IgA-secreting plasmablast popula-
tion directed against the annual vaccine antigens.

Analysis

We compared absolute numbers of cells between influenza-
infected and uninfected individuals using Mann-Whitney
tests. We also used Mann-Whitney tests to compare the abso-
lute number of antigen-specific plasmablasts and CD8" T cells
at each individual day after infection. We used the Kruskal-
Wallis test with Dunn multiple comparisons test to evaluate
variation in inflammatory monocytes in individuals grouped
by duration of symptoms. Finally, we evaluated the various dif-
ferences between control subject cell populations and cell popu-
lations found in the 3 classified influenza severity groups, using

Kruskal-Wallis with Dunn multiple comparisons tests. All sig-
nificance tests were 2 tailed. Statistical analyses were performed
using Prism software, version 8 (GraphPad Software).

RESULTS

EDFLU Cohort Characteristics

We enrolled a total of 68 subjects with acute influenza A infection
diagnosed in the emergency department, 22 in the 2017-2018
H3N2-predominant season and 46 in the 2018-2019 HIN1-
predominant season. Viral sequencing of nasal swab samples
from selected subjects in each influenza season confirmed that
the majority of subjects recruited in 2017-2018 were infected
with H3N2 viruses (21 of 22 viral isolates sequenced), and a ma-
jority of those recruited in 2018-2019 were infected with 2009
HINI viruses (18 of 21 isolates sequenced). Cohort characteris-
tics are listed in Table 1. Subject-level characteristics are reported
in the Supplementary Material. In our total cohort of 68 subjects,
illness was classified as not severe in 7 subjects, as severe in 15,
and as very severe in 3. Forty-three of the subjects did not meet
the strict criteria for each of the defined severity groups and were
therefore not included in severity of illness analyses.

We validated some of our findings using samples from a sep-
arate cohort of 6 subjects who were hospitalized at the National
Institute of Respiratory Diseases in Mexico City with acute pan-
demic HIN1 influenza in 2009. One of these subjects met cri-
teria for severe illness. The other 5 subjects required intubation
and mechanical ventilation and were classified as having very
severe illness. None of these subjects were immunocompro-
mised. All 6 of these patients ultimately recovered from their
illness after hospitalization.

Reduction in Lymphocyte Populations During the Earliest Days of
Medically Attended Influenza Infection

We measured B- and T-lymphocyte populations in both the
infected and uninfected cohorts (Figure 1A). We found that
CD8" T-cell populations were decreased in the influenza-
infected cohort compared with uninfected individuals. CD4"
T cells and CD19" B cells were also decreased in infected
subjects. We found significantly increased populations of acti-
vated (CD38"HLA-DR") CD8" T cells, activated CD4" T cells
and CDI19" plasmablasts (IgD"CD71™8"CD20""CD38"¢")
in the infected cohort (Figure 1B-1E), without a sig-
nificant increase in numbers of activated CD19" B cells
(IgD"CD71"8"CD20M8"CD 38! nermediate) (Rigyre 1D and 1E).

Selective Expansion of Inflammatory Monocyte Population During Acute
Medically Attended Influenza Infection

We evaluated specific monocyte populations in our co-
hort (Figure 2A) using cell surface markers that have been
widely used by others [10, 14, 17, 18]. Absolute numbers of
total circulating monocytes (CD14"), classical monocytes
(CD14"*CD16") and patrolling monocytes (CD14°"CD16")
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Table 1.

Characteristics of Participants in EDFLU Cohort by Outcome Group

Subjects by Outcome, % With Characteristic (No./Total in Group)®

Very Severe

Total Cohort Not Severe Mixed Outcome Severe Outcome Outcome
2017-2019 EDFLU Cohort Characteristics (N =68) Outcome (n = 7) (n =43) (n=15) (n=23)
Total for 2017-2018 (H3N2 predominant), no. 22 2 14 6 0
Total for 2018-2019 (H1N1 predominant), no. 46 5 29 9 3
Age, mean (IQR), y 47 (34-61) 36 (25-45) 46 (29-62) 55 (47-67) 48 (45-50)
Female sex 60 43 65 53 67
(41/68) (3/7) (28/43) (8/15) (2/3)
Duration of symptoms, mean (IQR), d 3.5 (2-4) 2.9 (2-3) 3.4 (2-4) 3.7 (2-4) 5.0 (4-7)
Vaccinated in current year 38 14 39 53 0
(25/65) (1/7) (16/417) (8/15) (0/2)
Hospital admission 56 0 58 87 100
(38/68) (0/7) (23/43) (13/15) (3/3)
Hospital admission for >48 h 32 0 23 60 100
(22/68) (0/7) (10/43) (9/15) (3/3)
ICU admission 8.8 0 0 20 100
(6/68) (0/7) (0/43) (3/15) (3/3)
Intubation and mechanical ventilation 4.4 0 0 0 100
(3/68) (0/7) (0/43) (0/15) (3/3)
In-hospital death 1.5 0 0 0 33
(1/68) (0/7) (0/43) (0/15) (1/3)
Immunocompromise 21 0 26 20 0
(14/68) (0/7) (11/43) (3/15) (0/3)
Chronic lung disease 38 0 28 87 &3
(26/68) (0/7) (12/43) (13/15) (1/3)
Chronic heart failure 13 0 12 27 0
(9/68) (0/7) (5/43) (4/15) (0/3)
Active cancer 7 0 5 20 0
(5/68) (0/7) (2/43) (3/15) (0/3)
Diabetes mellitus 24 0 23 27 67
(16/68) (0/7) (10/43) (4/15) (2/3)

Abbreviations: EDFLU, ; ICU, intensive care unit; IQR, interquartile range.
“Data represent % with characteristic (no./total in group) unless otherwise specified.

were similar between infected individuals and control subjects.
We found that the absolute number of circulating inflammatory
monocytes (CD14""CD16") were elevated >6-fold in infected
subjects compared with uninfected subjects.

We then grouped individual influenza-infected subjects by
self-reported duration of symptoms before sample collection
to determine when average numbers of inflammatory mono-
cyte populations increase compared with controls during acute
infection (Figure 2B). Inflammatory monocyte populations
in individual patients were largest in those experiencing the
first 4 days of symptomatic illness, compared with controls.
Vaccination status of the infected subjects did not affect the time
from symptom onset to presentation, nor the absolute number
of circulating inflammatory monocytes (data not shown).

Early Influenza-Specific CD8" T-Cell and B-Cell Recall Response
Characterization

We evaluated the influenza-specific populations of CD8" T
cells and B cells to understand the dynamics of the adaptive im-
mune response after establishment of infection. We found that

the influenza antigen-responsive CD8" T-cell population was
higher in magnitude than the influenza antigen-specific B-cell
plasmablast response in individuals presenting to the emer-
gency department during the first 4 days of illness symptoms
(Figure 3A). In individuals presenting after 5 or 7 days of symp-
toms, the B-cell plasmablast and CD8" T-cell responses seemed
to be equivalent and maximal.

Circulating influenza-specific B-cell populations are a very
rare population and difficult to measure in the peripheral blood
of uninfected individuals. However, circulating influenza antigen-
responsive CD8" T-cell populations are readily detectable in un-
infected human subjects. We next determined the magnitude of
the influenza-responsive CD8" T-cell population in our cohort
of uninfected controls. We found that influenza-infected subjects
had significantly reduced circulating frequencies of influenza-
responsive CD8" T cells when compared with uninfected individ-
uals (Figure 3C). To control for the CD8" T-cell lymphopenia we
previously noted in infected subjects (Figure 1A), we normalized
the measured influenza-responsive CD8" T-cell population
to the absolute count of CD8" T cells circulating in blood for
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Figure 2. Circulating peripheral blood monocyte populations during acute infection in infected (n = 52) and uninfected (n = 10) subjects. A, Absolute numbers of live
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blood. B, Inflammatory monocyte population size measured in subjects grouped by duration of symptomatic illness before sample collection. *P<.05; TP<.005.

each individual subject. The significant reduction in circulating
influenza-responsive CD8+ T cells in our cohort remained
(Figure 3D).

It has been well established that the currently used seasonal
influenza vaccines do not significantly expand influenza-
responsive CD8" T-cell populations [19]. Nevertheless, to
control for the possibility that our uninfected cohort ex-
hibited higher responses secondary to inactivated influenza
vaccine administration, we analyzed influenza-responsive
CD8" T-cell population magnitude in only the infected in-
dividuals who reported receiving the seasonal influenza vac-
cine during the influenza season when they were enrolled
in the EDFLU study. The significant reduction in magnitude

of the antigen-responsive CD8" T-cell population remained
(Figure 3E).

Association Between Circulating Inflammatory Monocyte Population
Magnitude and lliness Severity

We wanted to determine whether any components of the
immunophenotype we describe in acute medically attended influ-
enza infection are associated with illness severity. We measured a
trend in decreasing absolute counts of CD8" T cells, CD4" T cells,
and CD19" B cells in increasingly severe illness, however, none of
these met criteria for statistical significance (Supplementary Figure
1A). We did not detect an association in our cohort between CD4"*
or CD8" T-cell activation, magnitude of the influenza-responsive
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along with the total immunoglobulin (Ig) G- and IgA-plasmablast response directed against the antigens found in the quadrivalent seasonal influenza vaccine in red (n = 57
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A: NP, nucleoprotein. C, Decreased influenza-responsive CD8" T-cell population in infected subjects (n = 51) compared with uninfected control subjects (n = 11). D, Influenza-
specific CD8" T-cell responses per 10° peripheral blood mononuclear cells (PBMCs) were normalized to the absolute number of CD8* T cells in individual subjects to provide
a value for spot-forming units (SFUs) per 10° circulating CD8' T cells (n = 39 infected; n = 9 uninfected). £, Influenza-responsive CD8" T-cell population in infected (n = 20) and
uninfected (n = 11) subjects who confirmed receiving the seasonal influenza vaccine during the season in which they were enrolled in the study.

CD8" T-cell population, or influenza-specific plasmablast response
magnitude and illness severity (Supplementary Figure 1B-1D).

The 3 subjects with very severe illness requiring intubation
exhibited a significant decrease in the inflammatory mono-
cyte population (Figure 4). This is in contrast to the significant
increase in inflammatory monocyte numbers in individuals
with nonsevere illness and severe illness, when compared with
uninfected subjects (Figure 4A and 4B).

To validate our finding of decreased inflammatory mono-
cytes in subjects requiring mechanical ventilation, we ana-
lyzed a collection of PBMC samples from patients with
confirmed infection who were hospitalized during the pan-
demic 2009 HIN1 outbreak in Mexico City. Five of these
subjects were mechanically ventilated and demonstrated
lower total monocyte, classical monocyte, and inflamma-
tory monocyte populations in their PBMCs, compared with a

sixth subject with severe illness who did not require mechan-
ical ventilation (Figure 4C).

DISCUSSION

The earliest immunologic events in naturally acquired, symp-
tomatic human influenza infection are understudied. We
present an analysis of peripheral blood cellular immune re-
sponses during the critical first week of illness, the time period
during which influenza A viremia generally resolves [13, 20,
21] and most healthy patients recover from symptomatic ill-
ness. Individuals with medically attended symptomatic influ-
enza A exhibit T-cell lymphopenia and a relative depletion
in the frequency of influenza-responsive CD8" T-cell popu-
lations found in the peripheral blood compared with unin-
fected human subjects. Recall circulating influenza-specific
B-cell responses are not substantially present until> 5 days
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Figure 4. Evaluation of peripheral blood monocyte population magnitude in relation to severity of illness. A, Representative flow cytometry plots demonstrating increased

inflammatory monocyte population (CD14**CD16) in infected individuals and selective depletion of this population in infected individuals with very severe illness requiring
mechanical ventilation. B, Absolute monocyte and monocyte subpopulation cell numbers in the EDFLU cohort (n = 10 uninfected, n = 6 not severe infected, n = 15 severe
infected, n = 3 very severe infected). *P < .05; 1P < .005. The open data point with the enclosed X denotes the single fatal case of severe influenza infection. C, The 2009
pandemic H1N1 subjects with severe and very severe illness admitted to the intensive care unit of the National Institute of Respiratory Diseases in Mexico City. Absolute cell
count information for these samples was unavailable; therefore, frequency of live CD45" peripheral blood mononuclear cells (PBMCs) are reported. Numbers are percentage

of cells present in the gate that is drawn.

after symptoms have started, as others have noted [20, 22].
Finally, we report an association between inflammatory mon-
ocyte population magnitude in peripheral blood during the
first week of illness and illness severity. Circulating inflamma-
tory monocyte populations expand early and peak between the
second and fourth day of symptomatic illness. Inflammatory
monocyte populations in the blood are significantly decreased,
however, in patients with severe illness requiring mechanical
ventilation.

The immune mechanisms that control influenza viral replica-
tion in human subjects after infection are not well understood.
Several lines of evidence in humans and animal models point
to CD8" T cells contributing to control of established infections
[3,4, 6,7, 16]. Undoubtedly, innate mechanisms are also at play,
given the preponderance of data from serum cytokine studies
suggesting significant inflammatory signatures that include
tumor necrosis factor o [10, 23], monocyte chemoattractant
protein 1 [10], interleukin 8 [10], and interleukin 6 [23], that
are independently associated with the degree of illness severity.
Furthermore, neutrophil-related host factors [24], and mono-
cyte populations [14] have also been implicated in viral control
and symptom severity. Our current work provides evidence that
inflammatory monocytes play a role by expanding very early

during symptomatic illness. Furthermore, although influenza-
responsive CD8" T-cell populations expand during the first
week of infection, the overall influenza-responsive CD8" T-cell
magnitude in our cohort of individuals with medically attended
infection remains quite low compared with baseline responses
in uninfected individuals.

Low circulating influenza-responsive CD8" T-cell population
magnitude in the majority of our subjects regardless of severity
of illness can potentially be explained by several hypotheses that
are not mutually exclusive. One possibility is that influenza-
specific CD8" T-cell populations circulating in blood during
acute infection are not responsible for control of systemic in-
fection. This leads to the prospect that influenza-specific CD8"
T-cell populations in blood reduce as other populations at the
site of infection at or near the larger airways and mucosal sur-
faces of the upper airway expand owing to the recruitment of
circulating CD8" T lymphocytes. Alternatively, peripherally
measured influenza-responsive CD8" T-cell population size
may be important in viral control, and our degree of illness se-
verity is intrinsically biased to be so high, owing to our inclu-
sion of only patients who seek medical care for illness, that we
do not have sufficiently mild enough illness to serve as a com-
parator for correlation with illness severity.
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Finally, influenza illness may decrease responsiveness of cir-
culating influenza antigen-specific CD8" T-cell populations
to ex vivo stimulation with influenza A peptides in IFN- y
ELISPOT assays routinely used for measuring these populations
resulting in a discrepancy between the responses measured and
the actual magnitude of the circulating influenza-specific CD8"
T-cell population. Regardless, further work is required to delin-
eate the role of influenza-specific CD8" T cells in the control of
human seasonal influenza A infection.

Earlier reports of pandemic 2009 HIN1 infection in small
human cohorts have described decreased lymphocyte numbers
[25] and antigen-specific T-cell responses [26]. Owing to limita-
tions in patient numbers in these studies, responses grouped by
time from onset of symptoms could not be assessed during the
acute phase of infection. We did not find significant variation
in T-cell lymphopenia during the first week of infection (data
not shown). However, we do note that, despite the low overall
magnitude of the influenza-responsive CD8" T-cell population,
the magnitude does change quickly over time with increasing
responses throughout the first week. This suggests that the pre-
vious recognition of impaired antigen-specific T-cell numbers
in peripheral blood was not an artifact of sample timing, be-
cause we have shown that our subjects do seem to be mounting
a recall immune response. There is simply a global reduction
in circulating antigen-responsive CD8" T cells in symptomatic
influenza-infected individuals.

A previous report evaluating samples from the MOSAIC
cohort in the United Kingdom found specific elevation of
inflammatory monocytes only in individuals with severe in-
fluenza without risk factors [14]. These subjects were sam-
pled on average 13 days (range, 8-26 days) after the onset
of symptoms. The study did not evaluate earlier time points
to a large degree. Our work suggests that the significant
burst of expansion in peripheral blood-located inflamma-
tory monocytes occurs within the first few days of infection.
Furthermore, this group’s work in the mouse model suggests
a substantial contribution of lung-located monocytes to ill-
ness severity. Others have also noted associations between
inflammatory monocyte recruitment to the lung and severe
lung injury in mice [12], perhaps through this cell type’s
unique ability to contribute to type I IFN production in the
murine lung [12, 27]. We hypothesize that the reduction we
see in peripheral blood inflammatory monocyte populations
in individuals with very severe illness requiring mechanical
ventilation may represent a relative depletion of this subset
as more of these cells are recruited to the lung.

In conclusion, our work demonstrates that the influenza
antigen-responsive CD8" T-cell population during the first
week of symptomatic influenza infection is low magnitude
despite recall expansion. Circulating inflammatory mono-
cyte populations expand early and are significantly decreased
in individuals with severe illness requiring intubation and

mechanical ventilation. The reason for this depletion in the pe-
ripheral blood is not presently known, but circulating inflam-
matory monocyte numbers during acute infection may serve
as an easily measured biomarker for severe influenza infection.
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